Small subunit rDNA sequences were determined for 20 species of the genera Acetogenium, Clostridium, Thermoanaerobacter, Thermoanaerobacteinum, Theymoanaerobium, and Thermobacteroides, 3 non-validly described species, and 5 isolates of anaerobic thermophilic bacteria, providing a basis for a phylogenetic analysis of these organisms. Several species contain a version of the molecule significantly longer than that of Escherichia coil because of the presence of inserts. On the basis of normal evolutionary distances, the phylogenetic tree indicates that all bacteria investigated in this study with a maximum growth temperature above 650C form a supercluster within the subphylum of gram-positive bacteria that also contains Closridium thermosaccharolyticum and Clostridium thermoaceticum, which have been previously sequenced. This supercluster appears to be equivalent in its phylogenetic depth to the supercluster of mesophilic clostridia and their nonspore-forming relatives. Several phylogenetically and phenotypically coherent clusters that are defined by sets of signature nucleotides emerge within the supercluster of thermophiles. Clostrdium thermobutyricum and Clostridium thernopainarium are members of Clostridium group I. A phylogenetic tree derived from transversion distances demonstrated the artificial clustering of some organisms with high rDNA G+C moles percent, i.e., Clotridium fervidus and the thermophilic, cellulolytic members of the genus Clostriium. The results of this study can be used as an aid for future taxonomic restructuring of anaerobic sporogenous and asporogenous thermophilic, gram-positive bacteria.
The potential biotechnological use of thermophilic bacteria and their thermostable enzymes has led to extensive isolation studies in a wide variety of thermophilic environments (18) . Many of these isolates have been characterized and described as new genera or new species of existing genera. Examples for pheno-and genotypically well-defined taxa are the aerobic members of the genera Thermus (9) and Thermomicrobium (26) , the microaerophilic member of the genus Aquifex (5) , and the anaerobic members of the genera assigned to the order Thermotogales (11) .
However, the description of the majority of anaerobic, thermophilic isolates, with a temperature optimum for growth of 55 to 70°C, was based almost solely on phenotypic data, the determination of DNA base composition being the only genomic taxonomic measure. Gram-positive staining reaction and spore formation have been used as key criteria to allocate the isolates as new species of the genus Clostridium, i.e., Clostridium fervidus, Clostridium cellulosi, and Clostridium thermosaccharolyticum. Those isolates for which spore formation had not been demonstrated at the time of characterization were described as members of new genera, i.e., Thermoanaerobacter, Thermobacteroides, and Thermoanaerobium. Apparent taxonomically important physiological traits such as homoacetogenesis, mixed acid fermentation, and polysaccharide degradation were not exclusive for certain taxa but were widespread features. Several species investigated in this study have recently been * Corresponding author. reclassified (20) , and the new nomenclature is used in the following text. Application of 16S rRNA sequence analysis to the anaerobic thermophilic species provided surprising results. Firstly, thermophilic nonsporeformers such asAcetogenium kivui and Thennoanaerobacter brockii (since shown to form spores by Cook et al. [7] ) were more closely related to some thermophilic members of the genus Clostridium than mesophilic and thermophilic clostridial species were related to each other (6, 39) . Secondly, members of different genera, such as Thermobacteroides acetoethylicus and Thermoanaerobacterbrockii were phylogenetically almost identical, as judged by 16S rRNA similarity values of more than 99.3% (2) .
A recent compilation of non-sulfate-reducing, thermophilic, obligately anaerobic bacteria lists more than 25 species of eight genera (44) . In this communication, we present phylogenetic data on available strains and additional isolates in order to determine the basis for future taxonomic rearrangements by using a polyphasic approach.
MATERIALS AND METHODS
Bacterial strains. Bacterial strains were obtained from the respective culture collections as indicated in Table 1 . Strains 0k9. B1 and RI2. B1 were isolated from thermal spring samples (Table 1) with CBM medium (31) containing amorphous cellulose and incubated at 70°C. From cellulolytic enrichments, pure cultures were obtained by using the roll tube method of Hungate (14) . To obtain cell mass for DNA isolation, all strains were cultivated in 2/1 cellobiose medium at the temperature optima determined in the original description (Table 1 ). The growth medium 2/1 cellobiose contained Sequencing methods. The extraction of genomic DNA, amplification of the gene encoding small subunit rRNA (named 16S rDNA in the following) and purification of polymerase chain reaction (PCR) products were performed as described previously (30, 32) . The double-stranded PCR products were sequenced by the manual sequencing method (30) or the automated method (32) . The primers used for sequencing were those published by Stackebrandt and Charfreitag (37) . The sequences are available from GenBank or EMBL under the accession numbers shown in Table 1 .
Data analysis. The 16S rDNA sequences were aligned manually against homologous sequences of prokaryotes contained in the ribosomal RNA Database Project (24) moanaerobacter thernohydmosulfiuicus, Thennoanaerobacter ethanolicus, Thermoanaerobacterium thermosulfurigenes, Thermoanaerobacterium saccharolyticum, Thermoanaerobacterium xylanolyticum, Thermoanaerobium lactoethylicum, and Thermobacteroides acetoethylicus contain insertions of various lengths in one or more regions around position 80, 1040, 1140, or 1440. The only bacterium for which an insertion of comparable size in the region around position 80 has been reported is Desulfotomaculum australicum, a gram-positive, spore-forming sulfate reducer (27) .
More than 1,100 unambiguously alignable nucleotides were analyzed by two different methods for computing evolutionary distances. One method generates normal evolutionary distances, while the other makes corrections for the high G+C content found in the rRNA genes of thermophilic organisms. A 40-by-40 similarity matrix was computed and is available upon request from the corresponding author.
The phylogenetic tree, based on normal evolutionary distances ( Fig. 1) , shows that all species sequenced fell into the radiation of clostridia and their non-spore-forming relabar at bottom indicates 5 tives (6), Bacillus spp. and relatives (1), the phototrophic Heliobactenum chlorum (49), the mycoplasmas (42) , and the gram-negative-staining members of the Sporomusa/Selenomonas cluster (4, 33) . While 2 species, Clostridium thermobutyricum and Clostridium thernopalmawum, are actually members of group I clostridia (nomenclature of Johnson and Francis [16] ), the other 26 thermophilic organisms investigated are members of an apparently phylogenetically coherent supercluster that constitutes a major branch within this subphylum. As judged from the similarity values found for the most unrelated strains of the supercluster, its phylogenetic depth (>84% sequence similarity) is as large as that found for representatives of several major groups of mesophilic clostridia (>84%). Twenty-six of the thermophilic organisms fall into five major groups, as well as the single lineages of Clostridium fervidus and Clostridium cellulosi (Fig. 1) . The arabic letters A, B, C, D, and E were used to avoid nomenclatural conflicts with the Johnson and Francis groups I to VI (16) spore-forming relatives. Although the phylogenetic coherency of the thermophiles is not affected, the branching point of the supercluster within the radiation of the major lines of the subphylum depends to some extent upon the selection of reference organisms. In any case, the length of the branch separating the thermophiles from the mesophiles (Fig. 1) is extremely short, and the branching pattern has no statistical significance, according to bootstrap analysis (data not shown).
By using transversion distances for the generation of a phylogenetic tree (Fig. 2) , it is clear that the high G+C moles percent of the rDNA has introduced bias resulting in the clustering together of most of the thermophilic clostridia and relatives (transversion distances not shown (Fig. 2) , which is in accord with the findings of Bateson et al. (2) and the fact that strain 39E (51), Thermoanaerobacter brockii (7), and Thennoanaerobacter finnii (34) form spores, whereas Thermoanaerobacter ethanolicus JW-200 (47) and Thernobacteroides acetoethylicus (3) do not. Acetogenium kivui is a homoacetogen, but it does not group with the other thermophilic homoacetogenic organisms, i.e., Clostridium thermoaceticum and Clostridium thermoautotrophicum, which define cluster B. The lack of relationship between Acetogenium kivui and these two homoacetogens was suggested previously (44) on the basis of the large differences in the G+C values of DNA (38 and 54 mol%, respectively). Clostridium thermocopriae is the only member of cluster A capable of cellulose degradation (15), a characteristic shared with members of clusters D and E.
As reported previously (32) , only one of the two available Thennobacteroides species, Thernobacteroides acetoethylicus, is a member of cluster A. The second species, Thermobacteroides proteolyticus, is a representative of a novel, deep-rooting main line of descent of the domain Bacteria that branches adjacent to members of the Thennotogales.
The cluster B thermophiles. The two homoacetogenic, spore-forming members of cluster B, Clostridium thennoautotrophicum and Clostridium thennoaceticum, are equidistantly related to members of clusters A and C (88.4 to 90.7% sequence similarity). The two species are highly related (99.2%), which is in accord with the results of Bateson et al. (2) on partial 16S rRNA sequences (99.8%) and of Wiegel (44) on DNA hybridization (50% similarity), and they share some signature 16S rRNA nucleotides (Table 2) . Their DNA base composition (53 to 55 mol%) is significantly higher than that of other thermophilic and mesophilic clostridia, reflecting their distinct phylogenetic position.
The cluster C thermophiles. Cluster C is also taxonomically heterogenous, comprising organisms of the genera Clostridium, Thernoanaerobium, and Thermoanaerobacteium. Organisms of this cluster have a DNA base composition of 29 to 36 mol% G+C and a slightly higher rDNA base composition than mesophilic clostridia (53.2 to 54.2 and 50 to 54 mol% G+C, respectively). The signature nucleotides are shown in Table 2 . Intracluster similarity values range between 98.0 and 99.7%.
Only one of the organisms of cluster C was included in the study of Bateson et al. (2) , namely, Thermoanaerobacternum thenmosulfurigenes, and this species was found to group separately from the organisms of clusters A and B (described above). This finding is confirmed by this study, which extends this cluster to contain five species. Thermoanaerobacternum thennosulfuiigenes, Thenmoanaerobacteriwn saccharolyticwn, and Thennoanaerobacterium xylanolyticum were previously assigned to the same group, designated II, on the basis of DNA hybridization studies (43 to 92% DNA similarity) (20) ; these authors indicated that the reduction of thiosulfate to elemental sulfur may be a key characteristic of members of this group, but this property has not been investigated for the additional members as determined by this phylogenetic study.
Since the type species of the genus Thernoanaerobium, Thermoanaerobium brockii, has been transferred to the genus Thermoanaerobacter (20) , the genus Thermoanaerobium no longer exists and so Thermoanaerobium lactoethylicum has no taxonomic status. This study indicates that it is phylogenetically closely related to the members of the genus Thermoanaerobacterium. The assignment of Thermoanaerobium lactoethylicum to the genus Thermoanaerobium on the basis of its asporogenous nature may have been warranted at the time of description (19) , but in light of the results of this study it requires reclassification.
The cluster D thermophiles. This cluster is composed of seven extremely thermophilic, non-spore-forming, highly polysaccharolytic organisms (13) , none of which has been as yet validly described. Intracluster 16S rRNA similarity values range between 96.3 and 99.7%, with values between 96.6 and 97.8% separating two subclusters ( Fig. 1 and 2 ). For those organisms for which the base composition of DNA has been reported, the G+C content is around 36 to 37 mol%. The base composition of rDNA is in the range 58.1 to 59.1 mol%, which is similar to the high values found for members of cluster A. The phylogenetic coherency of cluster D is reflected by a large number of signature nucleotides (Table 2) .
In addition to the four recent isolates (which are a selection of 47 thermophilic cellulolytic isolates with high phenotypic similarities [29] ), this cluster contains three isolates for which genus names have been proposed but not validated. The close phylogenetic and phenotypic relatedness (Table 1) of all members of this group is a strong argument for assignment to a single genus.
Cluster E thermophiles. The phylogenetic position of this cluster was significantly affected by the use of the transversion distances. Support for the relationship to the group I (16) (mainly mesophilic) clostridia is found in the phenotypic properties such as spore formation and moderately thermophilic growth temperature optimum. This cluster contains four cellulolytic clostridia, of which three have been validly described. Intracluster 16S rDNA similarity values range between 92.4 and 99.0%, the lower values reflecting the differences that separate Clostridium thermocellum from the other three strains ( Fig. 1 and 2 ). The lack of relatedness between Clostridium thernocellum and members of clusters A and C has previously been suggested by Lee et (Table 2) .
Clostriwm cellulosi is remotely related to members of cluster E (86.7 to 88.6% similarity), with which it shares the properties of cellulose hydrolysis and spore formation. The isolated phylogenetic position which is defined by a set of signature nucleotides ( (25) , the data of this study exclude that the direct ancestor of these organisms originated in early evolutionary times. As members of the Clostridium/Bacillus subphylum, these thermophiles evolved significantly later than did the deep-branching, asporogenous thermophilic taxa such as Aquifex, the thermotogales, or thermi. The gram-positive clostridial-type organisms do not constitute a phylogenetically coherent group that clearly originated from a common thermophilic ancestor. Although this possibility cannot be excluded, because of lack of knowledge of the total microbial diversity and our restriction to the information available on cultured isolates, at present the data point towards an independent adaptation of mesophilic organisms to thermophilic environments.
The extremely thermophilic organisms of clusters A, B, and C that phenotypically match the description of Clostridium spp. are not in the same phylogenetic confines as the mesophilic type species, and therefore the placement of these organisms in the same genus seems unwarranted. Phylogenetic studies over the last 15 years have demonstrated the inadequacy of spore formation as a criterion for the determination of taxonomic status in the Clostndiuml Bacillus subphylum of gram-positive bacteria. This problem has been previously discussed (6, 44) , and the present study highlights the need to reconsider the current idea that sporulating and nonsporulating organisms have to be placed in separate taxa. Lack of spore formation may only be the result of the inability of the taxonomist to initially provide conditions to induce sporulation, as was found in the case of Thermoanaerobacter brockii (7) . Even if the inability to form spores has a genetic basis, the use of the characteristics sporogeny and asporogeny could be restricted to the species level. This study also recognizes the problems associated with the allocation of gram-positive, anaerobic, non-sulfatereducing bacteria to the appropriate genus without prior investigation of their phylogenetic positions. The first example of a new concept has been provided by Lee et al. (20) , who, on the basis of DNA similarities and phenotypic data, transferred Clostridium thermohydrosulfuricum strains to the genus Thermoanaerobacter (cluster A). Similarly, Clostridium thermosulfurogenes was transferred to Thermoanaerobactenum (cluster C). Both genera are now composed of sporeforming and non-spore-forming organisms, which for the designation of taxa is more convincing from a biologically polyphasic point of view than from the traditional sole emphasis of spore formation. It is likely that, in the light of recent results, the phylogenetically coherent clusters A to E, defined in this study, will be reclassified as new genera and the subclusters will be defined as new species.
